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DISCLAIMER  

Certain commercial equipment and materials are identified in this report to specify adequately 

the technical aspects of the reported results. In no case does such identification imply 

recommendation or endorsement by the National Telecommunications and Information 

Administration, nor does it imply that the material or equipment identified is the best available 

for this purpose. 
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This report describes a set of best practices for the preparation and verification of 

radio propagation measurement systems. We discuss advantages and 

disadvantages of various channel sounders, the common components used in 

these systems, and measurement of these components. We then move to system 

verification measurements both on the benchtop and in some preliminary outdoor 

propagation measurements. The appendices discuss uncertainty analysis, antenna 

measurements, and system repeatability and sensitivity analysis measurements. 

Keywords:  measurements, radio propagation, radio propagation measurements, radio 

propagation measurement system, radio propagation uncertainties, radio 

measurement system performance verification 

1. INTRODUCTION  

In June 2010, the National Telecommunications and Information Administration (NTIA), in 

collaboration with the Federal Communications Commission (FCC), was tasked to make 

500 MHz of Federal and nonfederal spectrum available for fixed and mobile wireless broadband 

services by 2020 [1]. One way to achieve this goal involves instituting spectrum sharing 

arrangements between Military Services and commercial wireless carriers [2] prior to 

transitioning Military Services out of the band. The Defense Spectrum Organization (DSO) has 

been tasked with managing the Advanced Wireless Services (AWS)-3 transition. A key part of 

the transition involves developing new propagation models for evaluating radio-frequency (RF) 

interference between military RF systems and commercial wireless systems sharing the same 

frequency bands. 

An essential part of developing improved RF propagation models is conducting in-situ 

propagation measurements, both to gain insight into the physics of particular propagation 

regimes as well as to validate existing and new propagation models developed in support of 

spectrum sharing. It is vital that such propagation measurements be conducted in such a way that 

the measurement results are as accurate and repeatable as possible.  

The Institute for Telecommunication Sciences (ITS) has a long history of conducting accurate, 

well-regarded propagation measurements. ITS has recently been tasked by the Defense Spectrum 

Organization (DSO) with sharing with the wider technical community its institutional knowledge 

of how to best measure and process RF propagation data. 

                                                 
1 The authors are with the Institute for Telecommunication Sciences, National Telecommunications and Information 

Administration, U.S. Department of Commerce, Boulder, CO 80305. 
2 The author is with the Department of Electrical Engineering at the United States Naval Academy, Annapolis, MD 

21402. 
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We have prepared this document in response to that challenge. Here, we describe best practices 

for the preparation, and performance verification of, RF propagation measurement systems prior 

to conducting propagation measurements at field locations. ITS has spent the last few years 

verifying the accuracy of their continuous wave (CW) channel sounder system. As part of this 

verification, we have been working with other agencies who have channel sounders to 

understand the uncertainty bounds [3].  

We begin the report by briefly discussing (Section 2) the advantages and disadvantages of a 

variety of basic channel sounder system architectures:  (1) a vector network analyzer (VNA), (2) 

a continuous-wave (CW) system, (3) a full-bandwidth, correlation-based system, (4) a direct 

pulse system, and (5) a sliding correlator system [3]-[5]. The five sounders considered have 

common elements; however, each has trade-offs that make it perform better (or worse) from one 

type of propagation environment to the next. We provide a table that describes these trade-offs 

on a system-by-system basis, and recommend suitable propagation measurement system designs 

as a function of propagation environment. 

Five major sections follow. The first (Section 3) discusses instrument warm-up times; the 

selection of RF connector types; techniques for, and the importance of, making proper 

connections; and the difference between using a VNA versus using a power meter to measure 

losses within a measurement system.  

Prior to conducting propagation measurements, component losses, characteristics, and 

operational bandwidths should be measured. These topics are discussed in Section 4. Once 

components of the system are understood, we can begin assembling the system and checking the 

characteristics of the system. Important system characteristics are discussed in Section 5. 

Section 6 discusses the importance of benchtop system testing and techniques that can be used to 

verify simulated real-world environments. This is an important step so that we understand 

various types of propagation environments prior to making in-situ, outdoor propagation 

measurements. The benchtop measurements can also be used to verify performance between 

various channel sounders [3]. 

Once a measurement systemôs performance has been verified on a benchtop, its performance 

needs to be checked in a real-world environment. Section 7 discusses this topic via an example 

of various types of propagation measurements that ITS has performed in a neighborhood 

adjacent to the laboratory. The example shows how testing was performed via both line-of-sight 

(LOS) paths and nonïline-of-sight (NLOS) paths to give us insights into types of propagation 

channels that might be expected.  

Appendix A explains various uncertainties associated with a typical measurement system. 

Appendix B discusses antenna measurements both in a general sense and for specific examples 

of measurement scenarios. Each scenario can be used to characterize the antenna pattern of an 

antenna. Some of these measurements will have increased accuracy, while others may have 

increased uncertainties associated with them. In Appendix B, we discuss antenna measurements 

by starting with the best measurement that can be made and ending with a very generalized 

approach that wonôt be as accurate, but may be the only option one has. Finally, Appendix C 

provides some further analysis that ITS undertook to understand the uncertainties associated with 

their measurement system which may be helpful for other researchers. We looked at both system 
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repeatability and a screening measurement that allows us to understand the dependence of 

propagation measurement results on various input parameters such as antenna height, ambient 

road traffic patterns, LOS streets versus streets in clutter fields,
3
 and transmitting power.  

                                                 
3 Transmitted signals reflect off physical objects in the environment, including terrain features, buildings, and 

vegetation. Such reflectors are collectively called clutter. 



 

4 

2. COMPARISON OF FIVE C HANNEL -SOUNDER ARCHITECTURE S 

When a signal is transmitted into some arbitrary environment, as shown in Figure 1, the signal 

can propagate along a direct path (red) to a receiver (e.g., a cell phone), it can be reflected from 

structures and terrain features (blue), and it can be scattered from or through vegetation (orange). 

Collectively, all of these paths considered together are called the multipath environment. Local 

interfering signals and RF noise can further complicate the situation by combining with the 

desired, transmitted propagation-probe signal inside the receiver. 

To understand and characterize this variety of propagation paths, many types of channel 

sounders have been developed to measure impulse responses of propagation channels. A 

complete discussion of this topic is given in Chapter 2 of [5]; here we only compare different 

channel sounder architectures.  

 

Figure 1. Multipath environment experienced by signals propagating between a transmitter and 

receiver. 

There are five main channel sounder architectures: 

1) CW, generates a single tone 

2) Direct pulse, generates periodic pulses 

3) Frequency domain (VNA), generates a series of frequencies at discrete steps 

4) Correlation-based, generates a full-bandwidth, pseudo-random noise (PN) sequence 

5) Swept time delay cross correlator (i.e., sliding correlator), generates a PN sequence and 

correlates in the analog domain to generate a narrowband signal at the receiver 
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Table 1 gives a summary of the advantages and disadvantages of each type of channel sounder. 

Table 1. Advantages and disadvantages of various channel sounders. 

Channel Sounder 

Type 
Advantages Disadvantages Best application 

CW 

¶ Mobile 

¶ Simple architecture 

¶ Doppler spectra  

¶ High dynamic range 

¶ In-phase and quadrature (I-Q) 

information 

¶ Easy to obtain transmit 

authority 

¶ Large propagation range 

¶ Good audio sampling rates 

(kHz range) 

¶ Continuous data-record 

acquisition 

¶ Does not preserve 

multipath time 

information 

¶ Requires accurate 

knowledge of link energy 

budget for post-processing 

¶ Requires clear spectrum at 

transmitting frequency 

¶ No root-mean square 

(RMS) delay spread 

¶ Long-range outdoor 

environments 

¶ Short-range indoor 

measurements 

¶ Short-range 

indoor/outdoor building 

penetration 

measurements 

¶ Coherence time of 

channels 

¶ Best Doppler resolution 

¶ Imaging of local 

scatterers 

Direct Pulse 
¶ Simple architecture 

¶ Preserves time information 

¶ Doppler spectra 

¶ Low dynamic range 

¶ Prone to jitter and drift 

¶ Limited propagation range 

¶ Wide receiver bandpass 

filtering tends to admit 

undesired in-band signals 

into the receiver 

¶ High-speed switch 

required 

¶ Requires high peak-to-

average power ratio 

¶ Limited mobility 

environments 

¶ Verification of other 

systems 

Frequency 

Domain (VNA) 

¶ Very accurate (NIST 

traceable) 

¶ Wideband 

¶ Moderate dynamic range 

¶ Limited susceptibility 

¶ Path loss 

¶ RMS delay spread 

¶ Highest resolution of 

timing/scattering information 

¶ Time-gating and 

deconvolution to enhance 

propagation parameter 

extraction 

¶ Good interference immunity 

¶ Low transmitting power 

¶ Requires a physical 

connection between 

transmitting port and 

receiving port 

¶ Slow acquisition 

¶ Limited propagation range 

¶ No Doppler spectra 

¶ Limited to static channels 

¶ Some measurements 

require trigger connection 

¶ Short-range outdoors 

¶ Indoor measurements 

¶ Verification of other 

systems 

¶ Shielding measurements 
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Channel Sounder 

Type 
Advantages Disadvantages Best application 

Correlation-based 

¶ Mobile 

¶ Doppler spectra 

¶ Preserves time information 

¶ Processing gain provides some 

immunity to noise and 

interference 

¶ Coherence bandwidth 

¶ RMS delay spread 

¶ Path loss 

¶ Shadowing, fast-fading and 

Rician K-factor 

¶ Low dynamic range 

¶ Limited range 

¶ Complex and time-

consuming post-

processing algorithms 

¶ Requires large 

measurement bandwidths 

¶ Requires higher 

equivalent isotropically 

radiated power (EIRP) 

(compared to CW) for a 

given propagation range 

¶ Large data file sizes 

¶ Short-range mobile 

environments over all 

types of terrain 

¶ Short-range indoor 

measurements 

¶ Short-range 

indoor/outdoor building 

penetration 

measurements 

¶ Complex multipath 

environments 

Sliding Correlator  

¶ Mobile 

¶ Narrow post-processing 

bandwidth, thus smaller data 

file sizes 

¶ Preserves time information 

¶ Processing gain provides some 

immunity to noise and 

interference 

¶ Can resolve multipath 

components in time 

¶ Limited temporal 

resolution 

¶ Requires large 

measurement bandwidths 

¶ Requires higher EIRP 

(compared to CW) for a 

given propagation range 

¶ Dynamic range depends 

on length of PN sequence 

¶ Susceptible to strong in-

band interferers 

¶ Mobile environments 

¶ Multipath environments 

 

Although each of these channel sounders uses a different technique to measure various channel 

parameters, they share some common elements: signal generator, power amplifier, receiver, and 

selected components (filters, low-noise amplifiers, mixers, cables, and antennas). Other common 

parameters are detection algorithms, system noise floor and system dynamic range, possible 

electromagnetic interference/compatibility (EMI/EMC) issues, and system uncertainties. In the 

sections that follow we will discuss the measurement and characteristics for each of these 

parameters. 
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3. MEASUREMENT BASICS  

Verifying that the measurement system is operating properly and collecting data as expected 

prior to deployment at measurement locations is critically important. In this section, we discuss 

the importance of using appropriate connector types, best practices for using connectors, and the 

difference between performing system loss measurements using a highly accurate vector network 

analyzer versus a less accurate power meter. We also discuss measurement system warm-up 

times and recommended lengths and characteristics of RF cables. All of these influence the 

operation of the measurement system and, ultimately, the accuracy of the collected propagation 

data. 

3.1 General Remarks 

Before beginning any testing or measurements, it is important to allow adequate warm-up time 

for stabilization of components such as VNAs, power amplifiers, and receiving instrumentation. 

Most manufacturers suggest at least one-half hour for warm-up. Turning the equipment on 1ï2 

hours prior to any type of measurement activity will ensure that all internal components stabilize 

at their recommended operating temperatures. It is also important to keep equipment cool when 

operating in higher temperatures as this influences the accuracy of the measurement. 

Cables for the transmitting and receiving sides of the system should be kept as short as possible. 

For the transmitting side, short cables allow for maximum radiated transmitter output power. If 

the transmitting antenna is placed on a mast, it is important to use low-loss, high phase stability 

cables to accommodate the longer cable lengths between the transmitting equipment and the 

antenna on the mast. On the receiving side, the noise figure of the receiving system is dominated 

by the first component in the system after the antenna, which is typically a cable. This will be 

discussed in greater detail in Section 4.3. Using minimum cable length between the receiverôs 

antenna and its first amplifier will maximize signal-to-noise ratio, improving overall 

measurement sensitivity. 

3.2 Connections 

RF cables are used extensively in radio propagation measurements. Most RF cables used in the 

field have Type N, Subminiature Version A (SMA), or 3.5 mm connectors. The frequency range 

of a measurement largely determines the recommendation of which connector to use. 

Type N connectors are used for frequencies below 18 GHz. There are two broad categories of N 

connectors: ordinary and precision. The ordinary connectors are less expensive than the precision 

type and should only be used at frequencies of 1 GHz or less. Precision N connectors can be used 

at any frequency up to 18 GHz. The two types are visually distinguished by their inner shields: 

ordinary N connectors have an inner shield with a flower-petal design consisting of about six 

little tongues of dull-looking pressed metal, whereas this shield is a solid piece of shiny, 

machined metal in precision N connectors. In general, precision N connectors are recommended 

at all frequencies below 18 GHz. 
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SMA connectors can be used for frequencies up to 26.5 GHz; 3.5 mm connectors look similar to 

SMA connectors and cover the same frequency range, except that the dielectric is air instead of 

Teflon®. Air dielectrics reduce cable losses. All of these connectors are used in a 50-ohm 

impedance environment. Figure 2 shows pictures of N and SMA connectors. 

 

Figure 2. Type N (precision, distinguished by solid inner conductor) and SMA male RF 

connectors. Photo courtesy of en.wikipedia.org. 

It is important to use the appropriate torque wrench to tighten all RF connectors. Using the 

appropriate torque wrench will reduce mismatch uncertainties, avoid loose connections, and 

improve repeatability. There are typically two torque values used for RF connectors, 8 in-lb 

(0.90 N-m) and 12 in-lb (1.36 N-m). The 8 in-lb torque should be used for connections at RF 

input ports on measurement instruments. The 12 in-lb should be used to tighten all cable-to-cable 

connections, which can otherwise fail due to insufficient torque.  

To demonstrate the importance of using a torque wrench, ITS conducted a test using the setup 

shown Figure 3. This setup was used to measure the return loss (S11) and the insertion loss (S21) 

associated with an N female to N female adapter. The test involved hand tightening the two 

connections to the adapter and measuring S11 and S21, then loosening, and then re-tightening the 

connection. This procedure was repeated six times. The measured values of the magnitude of S11 

versus frequency is shown in Figure 4. The different curves correspond to the six different 

measurements (i.e., hand-tightening cycles). These results show that the return loss varies by 

about 3 dB when only hand tightening is used.  
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Figure 3. Test setup used to show comparison between hand tightening and torque wrench 

tightening of an N connector. 

The same test was conducted using a 12 in-lb torque wrench (appropriate for Type-N cable 

connections). The measured S11 curves from those tests are shown in Figure 5. This figure shows 

that the variation in return loss is reduced to about 0.3 dB when a torque wrench is used. Similar 

comparisons are shown in Figures 6 and 7 for S21. These results show the importance of using a 

torque wrench when making connections. 

 

Figure 4. S11 magnitude variations for repeated hand-tightened connections. 
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Figure 5. S11 magnitude variations for repeated torqued connections. 

 

Figure 6. S21 magnitude variations for hand-tight connections. 
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Figure 7. S21 magnitude variations for torqued connections. 

Another important consideration is to reduce the movement of cables at their connectors. If one 

looks closely at an N-type female connector, one can see that the inner connector is assembled 

using a slotted collar. The slots in the connector allow the male connector (see Figure 8) to 

provide a tight RF connection. The slotted design also allows slight movement of the connection. 

If  this movement is too severe, it can damage the slots on the connector. Damage will increase 

the mismatch uncertainties and the losses per connection. 

 

Figure 8. Type N female connector. Photo from Aerial.net website 

(https://www.aerial.net/shop/product_info.php?products_id=780). 

3.3 Accurate Measurement of System Losses 

System losses needed for calibration purposes can be measured in one of two ways: use a VNA 

that contains both a source and receiver inside the instrument, or a signal generator (the source) 

with a power meter (the receiver). Measuring insertion losses with a VNA is more accurate and 

useful because it measures both the magnitude and phase of the received signal and can account 

https://www.aerial.net/shop/product_info.php?products_id=780
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for mismatches when properly calibrated. The power meter, in contrast, measures only the 

magnitude. VNAs are, however, more expensive (e.g., $150,000, at the time publication) and 

therefore may not be available to all researchers, and so understanding the difference between 

measurements using both methods is important.  

To illustrate the difference between the two instruments, we performed a set of measurements 

using the test configurations shown in Figure 9. The test involved measuring the insertion loss of 

a combination directional coupler, bandpass filter, and 15 meters of coaxial cable using a VNA 

(Figure 9(a)) versus using a power meter (Figure 9(b)). The results, shown in the figure, indicate 

the that VNA measures the loss to be 8.27 dB compared with 8.46 dB using a signal generator 

and power meter, a difference of only about 0.2 dB for this configuration. As mentioned 

previously the VNA will give the better accuracy and lower uncertainty, however, the difference 

in the measurement is small and the uncertainty of the power meter can be included in the 

uncertainty analysis. 

 

Figure 9. Schematic showing how the transmitting side of the ITS propagation measurement 

system was measured with a VNA versus a signal generator/power meter combination. 
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4. COMPONENT MEASUREMEN TS 

An important part of the test planning process is assembling, testing, and characterizing the 

hardware components that will be used to conduct the propagation measurements. Figures 10 and 

11 show the ITS channel-sounder and the equipment layout for the transmitting side and the 

receiving side of the system [6]ï[8]. The key equipment items that need to be characterized prior 

to conducting a propagation test are a) the transmit power amplifier; b) bandpass filters, c) 

directional couplers, d) antennas; and e) the vector signal analyzer (VSA). The measurement of 

each of these components is addressed in Sections 4.1 to 4.6. Most of these components are 

common to other types of propagation measurement systems. 

 

Figure 10. ITS transmitter equipment configuration used in conducting propagation 

measurements.  
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Figure 11. ITS receiver equipment configuration for measuring RF propagation attenuation. 

4.1 Signal Generator Output Power Variability  

Since all propagation measurement systems need to generate a carefully controlled, well-

calibrated signal, it is important to characterize the variability of the output power of the 

measurement systemôs signal generator. This measurement needs to be performed using the same 

RF frequency or frequencies used during field measurements. A schematic of the system setup 

for measuring signal generator output power variability is shown in Figure 12. 
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Figure 12. Schematic for signal generator output power testing. 

Table 2 shows signal generator output power level measurements from a test conducted by ITS 

prior to one of its propagation measurement campaigns. The output power was recorded over 

five days at different times of day. The output power through the directional coupler is given in 

column 3 and the power read at the coupled port is shown in column 4. These results show that 

the mean (ɛ) of the 19 measurements in column 3 is -20.56 dBm and the standard deviation (ů) is 

0.66 dBm. The reading at 3:24 p.m. on 4/11/2016 was the lowest reading of the measurement 

period and was lower than the next lowest by about 2.7 dBm. The reason for this anomaly is 

unknown, but if it is excluded, because it is a statistical outlier, the mean (ɛ) of 18 readings 

is -20.41 dBm and the standard deviation is 0.01 dBm. The standard deviation of the output 

power is used in the total end-to-end error budget, which is discussed in Appendix A. We also 

monitor this quantity in the field and this analysis helps us understand when the power amplifier 

is not behaving as expected. 

Table 2. Recorded output powers for signal generator. 

Date Time 

Power-Output 

(dBm) Coupled Port (dBm) Temp (deg F) 

4/11/2016 12:54 p.m. -20.40 -40.55 -- 

4/11/2016 3:24 p.m. -23.29 -40.54 -- 

4/12/2016 7:54 a.m. -20.40 -40.55 -- 

4/12/2016 8:20 a.m. -20.41 -40.54 -- 

4/12/2016 1:09 p.m. -20.40 -40.56 -- 

4/12/2016 3:40 p.m. -20.41 -40.55 -- 

4/13/2016 7:16 a.m. -20.39 -40.57 -- 

4/13/2016 10:44 a.m. -20.41 -40.57 -- 

4/13/2016 12:42 p.m. -20.40 -40.56 -- 

4/13/2016 3:45 p.m. -20.42 -40.56 -- 

4/14/2016 7:30 a.m. -20.40 -40.56 83 

4/14/2016 8:19 a.m. -20.40 -40.54 83 
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Date Time 

Power-Output 

(dBm) Coupled Port (dBm) Temp (deg F) 

4/14/2016 8:48 a.m. -20.40 -40.56 83 

4/14/2016 10:36 a.m. -20.41 -40.57 79 

4/14/2016 3:15 p.m. -20.42 -40.57 -- 

4/15/2016 7:20 a.m. -20.41 -40.56 77 

4/15/2016 9:08 a.m. -20.41 -40.55 79 

4/15/2016 12:23 p.m. -20.42 -40.57 83 

4/15/2016 2:55 p.m. -20.40 -40.56 78 

ɛ -20.56 -40.56 

 ů 0.66 0.01 

 

4.2 The Transmit Power Amplifier  

The transmitterôs power amplifier (PA) boosts the signal power before it is fed to the antenna. It 

is important to check the power amplifier for linearity (output power is directly proportional to 

input power) and to measure harmonic signal levels to ensure that the transmitted signal energy 

is not excessive outside the allowed band. Figure 13 shows the equipment setup used to 

characterize the PA. This testing involves feeding either a CW or broadband signal from a signal 

generator into the PA and then varying the output power of the signal generator. It is important to 

add attenuators to the path so that the output signal from the PA does not exceed the maximum 

allowed input power to the VSA or the spectrum analyzer (SA). For the ITS test configuration, 

the power amplifier maximum output power is about 50 Watts (W) (80 dBm), so a total of 90 dB 

of attenuation is placed in the path between the power amplifier and the VSA/SA. This results in 

an input power to the VSA/SA of only -10 dBm, which is within the tolerable range. 

The results of the linearity testing of three different PAs are shown in Figure 14. This figure 

shows the PA output power values plotted versus the input power from the signal generator. All 

three PAs exhibit linear behavior for input power levels less than about -2 dBm. Therefore the 

output power of the signal generator in Figure 10 must not exceed -2 dBm when conducting 

propagation measurements. Figure 15 shows a screen capture from an actual measurement of 

PA-1 whose statistics are given in the first row of Table 4. For this amplifier (blue asterisks), the 

plot shows linear behavior for an input level between -5 and -1 dBm, and non-linear behavior 

above -1 dBm. The PA-2 exhibits linear behavior from -10 dBm to 0 dBm and PA-3 amplifier 

exhibits linear behavior between -10 to -2 dBm. Any input signal level at or below -2 dBm 

allows the PA to operate in its linear range. 
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Figure 13. Equipment setup for power amplifier testing. 

 

Figure 14. Input power (dBm) vs. Output power (Watts) for 3 different power amplifiers. 

Table 3. System linearity measurements 

Signal Generator Output Power (dBm) SA Measured Power (dBm) Power (Watts) 

-5 -46.3 27 

-4 -45.36 33 

-3 -44.31 38 

-2 -43.7 47.8 

-1 -43.32 52.2 

0 -43.38 51.5 






























































































































































